The study of changes in river discharge and flood regime can provide important information on climate change and its impacts. Wavelet analysis offers new possibilities to study changes of river discharge patterns in regard to periodical processes on a background of climate change. In this study wavelet analysis was used to study long-term changes of river discharge in the Baltic region. Periodic oscillations of discharge intensity, and low-and high-water flow years are common for the major rivers in the Eastern Baltic region. Main frequencies of river discharge were estimated to be 14, 28, 37 years for the studied rivers. Wavelet analysis allowed to identify similarities between the river discharge regime, and thus, the factors influencing it. Years of maximal and minimal discharges for major rivers were identified and the impact of large-scale atmospheric circulation processes on the river discharge was studied.
INTRODUCTION
Analysis of patterns of river discharge is important for development of a water resource management system. In light of climate change processes analysis of long-term observations can support the development of prognostic models. Long-term changes of river discharge have been used to study climate variability and climate change impacts (Amarasekera et al., 1997) , to study character, return periods and impacts of extreme hydrological processes (floods, droughts) and to validate climate change modelling results. It is well known that hydrological processes have shown periodicity (Williams, 1961) . The periodicity of river discharge changes has been previously explained with the Hale cycles (11 and 22 years) and Gleissberg solar activity cycles, solar-lunar tidal periods as well as other periodically occurring processes (Probst and Tardy, 1987; Currie, 1996; Vasiliev and Dergachev, 2002) . Recently, periodicity of runoff in European rivers has been shown (Pekarova et al., 2003) . A possible explanation of river discharge periodicity might be changes in large-scale atmospheric circulation (Pekarova and Pekar, 2004) . However, new methods of examining periodicity of hydrological processes need to be tested.
A multitude of river discharge time series have been determined worldwide (Lins and Slack, 1999; Benit et al., 2003) and in Nordic countries (Vehviläinen and Huttunen, 1997; Lindstrom and Bergstrom, 2004) . Analysis of river discharge patterns and flood risk is important for the Baltic region, which is located in a climatic region directly influenced by large-scale atmospheric circulation processes over the Northern Atlantic and by continental impacts from Eurasia (Jaagus, 2009 ).
Studies conducted on river discharge trends in Poland, Estonia and Lithuania confirm the importance of such analysis (Jaagus et al., 1998; Strupczewski et al., 2001; Reihan et al., 2007) . Long-term streamflow analysis is needed for effective water resource management and therefore has immense socio-economic significance, particularly considering the predicted changes in this region due to global change.
Wavelet analysis has good time and frequency multiresolution, and can effectively diagnose a signal's main frequency component and abstract local information of a time series. It has huge advances in signal processing and nonlinear science fields. The studies and applications of wavelet analysis have already begun in hydrology and water resources (Brillinger, 1994; Bayazit et al., 2001; Lafreniere and Sharp, 2003; Labat, 2008) .
The aim of the present study is to use wavelet analysis to model river discharge and hydrological processes in the rivers of the Eastern coast of the Baltic Sea.
METHODS AND DATA
The study area covered the eastern part of the Baltic Sea (Fig. 1) . The hydrological regime of rivers in this region is influenced not only by the variability of the climate (precip-PROCEEDINGS OF THE LATVIAN ACADEMY OF SCIENCES. Section B, Vol. 64 (2010 ), No. 5/6 (670/671), pp. 229-235. DOI: 10.2478 
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Andrejs Timuhins*, Valçrijs Rodinovs, and Mâris Kïaviòð itation and air temperature), but also by factors such as geomorphology, geological structure, soil composition, and land-use patterns.
Data used in this study were obtained from the Latvian Environmental, Geological and Hydrometeorological Centre. Before statistical analyses the streamflow data was tested by Fisher test for data homogeneity. The test showed that the variability of time series of river flow was homogenous (F emp < F theoretical , P = 0.05) for each selected river.
For trend analysis, mean annual discharge values were calculated as arithmetic means from monthly records. For the calculation of the periodic changes (oscillation) of discharge, moving average (step 6 and 10 years) values of discharge data as well as integral curves were utilized. The use of integral curves, which depict differences in discharge for each study year in comparison with mean values for all the observation period were used to identify the pattern of discharge. In the calculation, ratio K was used:
where: Q i -discharge in year i; Q 0 -mean discharge for the entire period of observation.
Using this approach, the integral curve is produced by summing deviations ∑ (K -1). By integration of the deviations, the amplitude of the oscillations increases proportionally to the length of the period, with one-sign deviations in the row. The analyses of integral curves allow precisely identify significant change points of low-water and high-water discharge periods. High-water discharge periods were considered to be years for which K > 1, and low-water flow periods were indicated by a K < 1.
The multivariate Mann-Kendall test (as described by Hirsch et al., 1982; Hirsch and Slack, 1984) for monotone trends in time series of data grouped by sites was chosen for the determination of trends, as it is a relatively robust method concerning missing data, and it lacks strict requirements regarding data heteroscedasticity. The Mann-Kendall test was applied separately to each variable at each site, at a significance level of P < 0.5. The trend was considered as statistically significant at the 5% level if the test statistic was greater than 2 or less than -2 (Hirsch and Slack, 1984) .
Spectral analysis of the river discharge changes was conducted using spectral analysis and periodograms (Pekarova et al., 2003) . A periodogram is a plot of frequency and ordinate pairs for the studied time period. The graph breaks a time series of discharge into a set of sine waves of various periods T and shows the frequency spectrum. The spectral density is defined as a mean value of the set of periodogram for n → ∞. The periodogram (Pekarova et al. 2003 ) is calculated according to:
The wavelet analysis method used was adapted to the needs of the present study. Emphasis is given to useful practical details for applying the method for hydrological time series analysis. The continuous wavelet transformation of a discrete sequence of observations is defined as the convolution of x t ( ) with a scaled and translated wavelet that depends on a nondimensional time parameter. A Morlet wavelet (Torrence and Compo, 1998; Goswami et al., 1999 ) is a function defined as ψ π
Discharge wavelet decomposition is discharge signal convolution with the Morlet wavelet function Fig. 1 . Location of river gauging stations used for data collection (river discharge (s) study sites): 1 -Oulujoki (Jylhämä); 2 -Kokemäenjoki (Harjavalta); 3 -Neva (Novosaransk); 4 -Narva (Vasknarva); 5 -Pärnu (Oore); 6 -Salaca (Lagaste); 7 -Gauja (Sigulda); 8 -Dubna (Siïi); 9 -Daugava (Daugavpils); 10 -Lielupe (Meþotne); 11 -Venta (Kuldîga); 12 -Nemunas (Smalininíai).
where T 0 is a base period, a = T/T 0 is a scale factor, Δt is a shift in time, x t ( ) is a time series.
describes the energy distribution of pulsation over the scales or frequencies and equivalent to a Fourier spectrum.
Since complex wavelets lead to complex continuous wavelet transformation, the wavelet power spectrum is a convenient description of the fluctuation of the variance at different frequencies. Further, when normalized, it gives a measure of the power relative to white noise. Wavelet analysis allows to observe correlation of a signal on different scales for amplitude and phase.
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where indexes i, j denote selected rivers.
For data treatment, the Excel, SPSS, R and Multimk software packages were used.
RESULTS
The hydrological regime of rivers in flowing into the eastern coast of the Baltic Sea differ in discharge volume, seasonal river discharge variability in spring and autumn, and relative proportion between spring and autumn floods, in relation to many factors (precipitation, evapotranspiration, runoff, temperature).
Trends of changes in river discharge were determined using linear trend analysis, a commonly used approach in the study of river discharge. Table 1 shows the discharge trends in rivers of Latvia and the north-eastern part of the Baltic Sea: the discharge was significantly increased for rivers Daugava, Gauja, Narva, Pärnu, Salaca in the period 1961-2000, and the changes are increasing for all of the other studied rivers for the same observation period. For the entire observation period, linear trend analysis shows that a statistically significant decrease of discharge has occurred for River Nemunas, but for all other rivers the trends of changes were statistically not significant.
The changes of river discharge can be analysed not only as linear process, but as periodic processes, since the periodicity of high-water periods and low-water periods is evident (Figs. 2, 3 ) and discharge of both the largest and medium-sized rivers in the Baltic region do have well expressed periodicity. The periodicity can be expressed using normalised discharge data (Fig. 3 ) (normalized discharge is calculated as~/ ( ) Q Q median Q = − 1 .
To characterise periodicity and to estimate major periods of river discharge changes, periodograms (Pekarova et al., 2003) were calculated using spectral analysis (Fig. 4) . Using this approach, statistically significant periods in annual river discharge in the Baltic region can be identified. The major period of river discharge for all studied rivers had a range from 27-33 years.
The general patterns of periodicity of water flow regime in several major rivers in Latvia are summarized in Table 2 . For the last 100-125 years, low-discharge periods for rivers of Latvia are longer than high discharge periods and last from a minimum of ten years up to a maximum of 21-27
T a b l e 1 1904 1909 1914 1919 1924 1929 1934 1939 1944 1949 1954 1959 1964 1969 1974 1979 1984 1989 1994 1999 2004 Discharge, m 1900 1904 1908 1912 1916 1920 1924 1928 1932 1936 1940 1944 1948 1952 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 Discharge, m years. High-discharge periods extended from 6-8 to 10 years, however, during the last 30 years, for the biggest rivers (except River Lielupe) their duration reached 20 to 27 years. Periodicity of river discharge changes has been noted previously in studies of river discharge in Central Europe (Pekarova et al., 2003) .
SIGNIFICANCE OF TEMPORAL CHANGES OF WATER DIS-CHARGE FOR RIVERS IN THE BALTIC REGION
Wavelet analysis of discharge series is a prospective tool to study river discharge periodicity. Wavelet analysis allows to determine the spectral characteristics of time signals, shown for River Nemunas ( Fig. 3 . Long-term changes of discharge of the rivers in the Baltic region calculated as normalised discharge. Wavelet decomposition amplitude analysis for River Nemunas discharge demonstrates a dominant periodicity spectra with minor periodicities, and wavelet decomposition phase shows that the dominant period of duration~23-32 years. The Morlet wavelet autocorrelation amplitude analysis demonstrates the pattern of discharge intensity changes and character, and the autocorrelation phase analysis shows the symmetry of the oscillation phase. Amplitude correlation of river discharge was very low.
Phase analysis of the Baltic region river discharge wavelet decomposition (Fig. 6) shows similarity of discharge periodicity among the major rivers of the Baltic region. In general, oscillatory patterns of short period differed, but significant similarities occurred in the long period discharge changes.
Wavelet analysis can be used to compare and determine similarities between rivers from differing regions in discharge comparison, as shown by wavelet phase and amplitude correlation calculated for Daugava-Nemunas and Gauja-Nemunas pairs (Fig. 7) . While the wavelet phase analysis did not much help in identifying similarities between rivers from different regions, then wavelet amplitude analysis showed that the above pairs of rivers from the Baltic region had similar periodicity of discharge changes. 
DISCUSSION
The pattern of changes of the river discharge in the Baltic region is formed by processes affecting discharge in the corresponding hydrological regions, but also to a significant degree the ongoing processes of the climate change. Hydrological processes have mostly been modelled using linear trend analysis methods, but it is known that river discharge in the Baltic region has periodic character. Therefore, the need to utilise methods to analyse river discharge periodicity.
Periodograms (Figs. 2-4) show that the main rivers of the Baltic regions have well pronounced periodicity of discharge and high and low water periods (Table 2) . Periodograms or Fourier representation of a river discharge allow to understand the mean energy of the frequency and wavelet decomposition shows how energy of the frequency is accumulated over time.
Wavelet analysis can be considered as an efficient tool for studies of climatological and meteorological data series, in contrast to the Fourier analysis, as it can help to determine spectral changes in time. The module of the wavelet coefficient (complex number) characterises the amplitude of oscillation for the selected time and time period (scale), and the argument of the wavelet coefficient characterises the phase of the oscillation. Thus, the continuous horizontal white strip in the wavelet amplitude graph (Figs. 5, 7) indicates that an oscillation is constantly present in the time series, corresponding to the period characterizing the strip. In the case of rivers of the Baltic region this period is 23-32 years. The less expressed correlated oscillation periods are 8, 11 and 16 years. Accurate contours in the phase wavelet graph correspond to a change of the phase of oscillation by one period (Figs. 5, 6 ). In the phase diagram, the distance between the color isolines indicates the periodicity of the oscillation. In cases of equidistant displacement of color isolines along the horizontal line, the distance corresponds to the permanent oscillation period (Fig. 5) . Correlations of wavelet coefficient amplitude show similarity of oscillation amplitudes in the selected period (scale) for a given displacement in time, and also amplitude importance (energy).
Correlations of the phases show similarity of phases for the given displacement and scale. Thus, the horizontal distance between light spots specifies the period of fluctuations, and a shift from the central vertical line indicates difference of phases between signals for the selected period. The wavelet correlations graph suggests basic periods of river discharge fluctuations to be 30, 11 and 4 years, but the amplitude of fluctuations for any period strongly varies in time (Fig. 6 ).
The conclusions are that the river discharge regime in the Baltic countries during last centuries has undergone major changes and has well-expressed periodicity: basic periods of river discharge fluctuations are 30, 11 and 4 years. Wellexpressed regular changes of high water and low water periods are evident. Both Fourier analysis (periodograms) and wavelet analysis confirms the periodicity of the river discharge changes and this aspect should be considered in development of hydrological and climate change models. The efficiency of wavelet analysis shows that this method can be applied in studies of climatological and meteorological parameters.
